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ABSTRACT: A petroleum refinery model, Petroleum Refinery Life-cycle
Inventory Model (PRELIM), which quantifies energy use and greenhouse
gas (GHG) emissions with the detail and transparency sufficient to inform
policy analysis is developed. PRELIM improves on prior models by
representing a more comprehensive range of crude oil quality and refinery
configuration, using publicly available information, and supported by
refinery operating data and experts’ input. The potential use of PRELIM is
demonstrated through a scenario analysis to explore the implications of
processing crudes of different qualities, with a focus on oil sands products,
in different refinery configurations. The variability in GHG emissions
estimates resulting from all cases considered in the model application shows
differences of up to 14 g CO2eq/MJ of crude, or up to 11 g CO2eq/MJ of
gasoline and 19 g CO2eq/MJ of diesel (the margin of deviation in the
emissions estimates is roughly 10%). This variability is comparable to the magnitude of upstream emissions and therefore has
implications for both policy and mitigation of GHG emissions.

■ INTRODUCTION
The petroleum refining industry is the second-largest stationary
emitter of greenhouse gases (GHG) in the U.S.1 (third-largest
in the world2). Annual GHG emissions from a large refinery are
comparable to the emissions of a typical (i.e., 500 MW) coal-
fired power plant.3,4 For U.S. refineries, where most of the
North American production of petroleum-derived fuels occurs,
annual emissions were reported to be close to 180 million
tonnes of CO2eq in 2010, representing nearly 12% of U.S.
industrial sector emissions or 3% of the total U.S. GHG
emissions.1,5−7

This industry faces difficult investment decisions due to the
shift toward “heavier” crude in the market, both domestic and
imported. For example, in 1990, the fraction of imported crude
into the U.S. classified as heavy (at or below API gravity, a
measure of density, of 20) was roughly 4%. By 2010 this
fraction had increased to 15%.8 Between 2008 and 2015, it is
estimated that more than $15 billion will be spent to add
processing capacity specifically for heavy crude blends in U.S.
refineries.9 Each refinery must decide whether and how much
they will process heavy crude while considering that processing
such crudes requires more energy and results in higher refinery
GHG emissions. These major capital investment decisions will
impact the carbon footprint of the refining industry for decades
to come.
Current and future environmental regulations will also affect

the decisions faced by this industry. Life cycle assessment
(LCA) has been expanded as a tool to enforce GHG emissions

policies. For example, California’s Low Carbon Fuel Standard10

(CA-LCFS) embeds life cycle assessment within the policy to
measure emissions intensity of various transportation fuel
pathways through their full life cycle (including extraction,
recovery, and transport). Using LCA in this way requires more
accurate assessments of the emissions intensity upstream of the
refinery for each crude. However, the varying quality of these
crudes will also have significant implications for refinery GHG
emissions. Therefore, in this paper we argue that more accurate
assessments of the impact of crude qualities on refinery
emissions are also required to appropriately account for the
variations in emissions and avoid potential unintended
consequences from such policies.
The implications for refinery GHG emissions of processing

oil sands (OS) products provide a good case study due to the
link between upstream processing decisions and refinery
emissions, as well as the wide variety of OS products. Canada
has the world’s third largest petroleum reserves and is the top
supplier of imported oil to the U.S.11 The OS resource
represents over 97% of Canada’s oil reserves.12 Current OS
operations produce bitumen (an ultraheavy petroleum product)
that undergoes either dilution (to produce diluted bitumen
referred to as dilbit, synbit, or syndilbit) or upgrading processes
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(to produce a high quality synthetic crude oil, SCO) prior to
sale to petroleum refineries. Therefore, a diversity of product
quality is possible from these operations. Table 1 lists and
describes the main characteristics of each category of OS
products. The impacts of different OS processing decisions on
refinery GHG emissions have the potential to be large and have
yet to be explored in depth.
A petroleum refinery is a set of interconnected but distinct

process units that convert relatively low value liquid hydro-
carbon material (resulting from blending multiple streams of
crude feedstock) into more valuable products by increasing its
hydrogen to carbon ratio. Different combinations of process

units (configurations) are possible leading to a wide variety of
potential refinery configurations. In a refinery, a distillation
process separates the “whole crude” into groups or “fractions”.
These fractions are made up of molecules with a particular
boiling point temperature range. These ranges are defined by
“cut temperatures”. Each fraction is then sent to different
process units where chemical and thermal processes fragment
and/or rearrange the carbon and hydrogen bonds of the
hydrocarbon while eliminating the undesired components such
as sulfur and nitrogen that are also present in each fraction.
Each refinery has a final product specification which dictates the
volume and quality of each desired end product (e.g., X barrels

Table 1. Canadian Crudes under Analysisa

aS: Sulfur content; API: gravity; H: hydrogen content; MCR: micro carbon residuum; ∼Kw: approximated Watson characterization factor using
Tb50 in wt.; Tb50: temperature at which 50% of the mass is recovered through distillation of the whole crude; wt: weight basis; So: sour; Sw: sweet;
H: heavy; L: light; kbpd: thousand barrels per day. bCalculation basis (2009): 1361 kbpd of oil sands products derived from 1269 kbd of raw
bitumen,57 and 75% of the SCO production ends in sweet light products. cCalculation basis (2009): 1269 kbpd U.S crude oil imports from Canada
(i.e., 21% of U.S. crude oil imports).8 898 kbpd oil sands products exported to U.S. (i.e., 67% of oil sands products57); thus, 371 kbpd conventional
crude oils exported to U.S. (i.e., 4% of U.S. crude oil imports).
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of gasoline with Y% sulfur). A combination of input crudes is
selected and process units are operated to satisfy such
specifications.
Crude quality and refinery configuration affect GHG

emissions related to processing a particular crude. Crude
quality is defined by physical and chemical properties (e.g., the
hydrogen content of the crude fractions) that determine the
amount and type of processing needed to transform the crude
into final products. The technologies employed, as well as how
they are combined in operation in a refinery, will require
different types and amounts of energy inputs and will produce
different types and amounts of energy byproducts (e.g., coke)
and final products (e.g., gasoline). For example, heavier crudes
generally require more energy to process into final products
than lighter crudes due to their need for additional conversion
processes and their low hydrogen content.
Two prominent North American life cycle (LC) tools are

now forming the basis of regulation as opposed to their original
objective of informing policy: Natural Resource Canada’s
GHGenius13 and Argonne National Laboratory’s Greenhouse
Gases, Regulated Emissions, and Energy Use in Transportation
(GREET).14 The GREET model and the CA-GREET version,
used as the basis of CA-LCFS, do not account for the effects of
crude quality at the refinery stage in their calculations (i.e., all
crudes will have the same energy requirements and GHG
emissions). GHGenius accounts for crude quality by modifying
a default energy intensity value using the average API gravity
and sulfur content of an entire refinery crude slate (i.e., a
combination of crudes blended as they enter the refinery) and a
regression model based on historic regional refinery perform-
ance data. 15 The LC models’ approaches do not decouple the
effects of changes in energy requirements due to changes in
crude quality and the changes in each refinery’s performance
(e.g., process unit efficiencies), nor do they develop a consensus
on the impact of allocation (how environmental impacts are
split across products in a multiproduct industry).16 It is possible
to combine the use of LC-based models and refinery simulators
to calculate LC energy use and GHG emissions for a particular
crude and refinery;17 however, this is not a straightforward
effort as will be demonstrated by this paper.
Peer-reviewed analysis that investigates energy and GHG

implications of shifting to heavier crudes in refineries has only
recently started to appear (since 2010).18,19 However, these
studies did not explore differences in emissions intensity of
selected technologies nor investigate the full range of different
qualities of crudes derived from the OS operations. Three
nonpeer reviewed studies, conducted using a LC framework,
have investigated OS crude quality effects on refinery GHG
emissions.17,20−22 However, these studies have used proprietary
refinery models limited in the transparency needed to
understand the boundaries, assumptions, and data used as
well as the ability to evaluate alternate scenarios or pathways.23

The literature does not present a transparent tool nor
recommend a method that predicts GHG emissions with the
ability to capture the impact of crude quality and refinery
configuration (see Supporting Information (SI) for detailed
review of the literature).
This paper (1) provides an overview of the development of

the Petroleum Refinery Life-cycle Inventory Model, PRELIM,
including model structure and crude assay inventory as well as
calculations and assumptions; (2) applies the model to assess
the impact of crude quality and refinery configuration on
energy use and GHG emissions including a comprehensive set

of OS products and conventional crudes; (3) explores the most
influential parameters in the model for determining energy use
and GHG emissions through scenario analysis; and (4)
compares results from previous studies with those from the
application of PRELIM.

■ METHOD
PRELIM is a stand-alone, spreadsheet-based model built using
a LC approach by employing refinery linear programming
modeling methods to represent a range of possible config-
urations reflecting currently operating refineries in North
America. The LC/systems-level approach provides the
structure to obtain a tool of wide applicability (i.e., not specific
to any one refinery but capable of representing a wide variety of
refinery configurations) in the assessment of refinery LC energy
use and GHG emissions for crudes of different quality, and
allows for the easy incorporation of model results into Well-To-
Wheel analyses (WTW). WTWs are a variant of LCAs focused
on transportation fuels. The refinery linear programming
modeling methods24 allow for process unit and overall refinery
mass balances. These methods overcome the lack of crude
specificity of previous LC models16,25,26 and facilitate
exploration of alternative LC inventory allocation methods at
the refinery subprocess (i.e., process unit) level. Because the
model structure allows for the investigation of two key LCA
concepts (i.e., functional unit and allocation27−29) as
recommended by the International Standard ISO 14041,30

the model has been called the Petroleum Refinery Life-cycle
Inventory Model.

Model Structure and Key Assumptions. Scheme S.1 in
the SI presents a basic flow diagram of the overall refinery
model structure and how the process units are connected.
PRELIM can simulate up to ten specific refinery process
configurations. All refinery configurations include crude
distillation, hydrotreating, and naphtha catalytic reforming
processes. The configurations are differentiated by whether or
not the following conversion technologies are present: gas oil
hydrocracking, fluid catalytic cracking (referred to hereafter as
FCC), delayed coking, and residual hydrocracking. Supporting
unit processes such as steam methane reforming (SMR) and
acid gas treatment are also included.
Each configuration requires a different amount of energy to

process a crude and produces a different slate (i.e., volume and
type) of refinery final products including transportation fuels
(i.e., gasoline, kerosene, and diesel) as well as heavy fuel oil,
hydrogen from the naphtha catalytic reforming process, refinery
fuel gas (i.e., gas produced as a byproduct in process units
within the refinery), and the possible production of coke or
hydrocracking residue. To run the model, a user must select the
crude, the configuration, and the allocation method desired
through the spreadsheet-based interface. Default values can be
used to represent the crude properties and energy requirements
of each process unit. Crude properties can be represented by
selecting a crude from the crude assay inventory in the model.
Alternatively, a user can input a new crude assay and/or can
modify any of the process unit model parameters either by
selecting a value from the range of parameter values available in
the model or by inputting their own parameter value(s). To
characterize the whole crude and its fractions, a total of 62
parameters are input to the model, accounting for five crude oil
properties: crude distillation curve (i.e., information about mass
and volume yields of each fraction, and individual fraction
characteristic boiling point), API gravity, sulfur content,
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hydrogen content, and carbon residue. Supporting information
describes how these crude properties affect the refinery energy
use and GHG emissions estimates. Two additional crude
properties, aromatic content and crude light ends content,
impact refinery GHG emissions estimates and are modeled
indirectly in PRELIM. PRELIM uses information about the
quantity and type of energy required by an individual refinery
process unit and assumes that the process energy requirements
(electricity, heat, and steam) are linearly related to the process
unit’s volumetric feed flow rate.31 This assumption is key to
differentiate the energy required to refine crudes with different
distillation curves (and therefore different volumes of each
fraction that will pass through each process unit). Justification is
provided in the SI.
PRELIM calculations include the upstream energy use and

GHG emissions associated with the energy sources (i.e.,
electricity and natural gas).32 Fugitive GHG emissions from a
refinery tend to be an order of magnitude lower than
combustion emissions33 and are not considered in the current
version of PRELIM.
The data available in the model for process unit energy

requirements are presented as a default as well as a range of
plausible values for each parameter derived from the
literature.24,34−37 The data were compared with confidential
information and evaluated in consultation with experts from
industry to verify that the values and their ranges are
appropriate. PRELIM default values for process unit energy
requirements are mostly from Gary et al.35,38

PRELIM can calculate overall refinery energy use and GHG
emissions on a per barrel of crude or per megajoule (MJ) of
crude basis, as well as energy use and GHG emissions
attributed to a particular final product on a per MJ of product
basis (e.g., per MJ of gasoline). For the latter type of functional
unit, refinery energy use is allocated to final products at the
refinery process unit level (SI details PRELIM allocation
procedures, available options in the model, and the implications
of different allocation methods). Summing the energy use
across all refinery final products on a mass flow rate basis, and
comparing to the total energy requirements summed across all
process units, verifies the energy balance in the system (all
results are reported on a lower heating value basis).
Differences in hydrogen content among crude feedstock and

refinery final products are important factors that drive refinery
CO2 emissions.19 In PRELIM, a global hydrogen mass balance
method39 is used to determine hydrogen requirements for each
hydroprocessing unit (hydrotreating and hydrocracking) as well
as byproduct hydrogen production from the naphtha catalytic
reforming process unit. The method accounts for differences in
the hydrogen content of different crudes and the assumption
that all crudes are to be processed to meet intermediate and
final product hydrogen specifications. Accurately estimating
hydrogen requirements is one of the most critical model
components (see SI for a more detailed discussion).
PRELIM uses correlations to determine yields of inter-

mediate and final refinery products for each process unit. All
correlations used in PRELIM are based on Gary et al.35 The SI
details assumptions about product yields for each process unit.
PRELIM Crude Assay Inventory. The PRELIM crude

assay inventory is developed to allow a user the option to select
from a predetermined list of crude assays. The current
inventory includes publicly available data representing 22
Western Canadian crudes tracked by the Canadian Crude
Quality Monitoring Program (CCQMP).40 Also, the inventory

includes seven additional assays from confidential sources to
characterize a comprehensive range of qualities for OS-derived
products (i.e., bitumen, diluted bitumen, SCO). Currently,
there are at least two crude assays representing each category of
crude (e.g., bitumen, diluted bitumen, and SCO are all
categories of crudes). Western Canadian Conventional crudes
are well-characterized using the data available in the public
realm. Due to data availability we do not include a full suite of
conventional crudes in our analysis. However, preliminary
analysis of international crudes shows that the range of
emissions presented for Canadian conventional crudes provides
a rough approximation of the range of refinery emissions for
light crudes globally. However, further analysis is required to
confirm this and provide a complete LC comparison.
PRELIM requires characterization of the properties for nine

crude fractions (see Scheme S.1). The method of separating the
crude into nine fractions is selected to allow the flexibility
needed to model different refinery configurations. CCQMP
assays must be transformed to obtain the complete set of
information needed. The SI details the transformation methods
and the results of an evaluation of the methods used. In
PRELIM, each particular crude assay is run individually, as
opposed to running a crude slate. A crude-by-crude analysis was
also suggested and tested in ref 22, and the impact of this
simplification on emissions estimates is expected to be small.

Model Evaluation. PRELIM reduces the level of complex-
ity in modeling refinery operations compared to the models
used by the industry to optimize their operations. Confidential
data (associated with crude assays, operating conditions, and
energy requirement estimates) and consultation with refining
experts were necessary to assess the validity of PRELIM input
data and assumptions. In addition, sensitivity analyses and/or
alternative logic calculations to estimate particular parameters
were conducted. Finally, a covalidation exercise was conducted
by comparing PRELIM’s outputs with those of a more detailed
refinery model to assess PRELIM’s performance, identify any
improvements required, and specify the level of accuracy that
can be expected when using the model to inform policy.
The covalidation shows that the PRELIM model is capable of

replicating the estimates of CO2 emissions from a more
complex model with a reasonable range of error/variability.
Overall, the margin of deviation in the emissions estimates due
to both assay data quality and the modeling approach is below
10% in almost all cases, which is within the error bounds of
typical LC inventories.41−43 Deviations in energy requirements,
which lead to emissions deviations, are mainly associated with
estimates for the hydrogen required which is also an uncertain
variable in actual refinery operations.39,44 The deviations are
also explained in part by flexibility exhibited by real refinery
operating conditions as well as assumptions in modeling. The
SI details methods and results of this exercise.

Model Application. A scenario analysis45 is used to explore
the effects that crude quality and refinery configuration have on
refinery energy use and GHG emissions estimates.
The starting point for the analysis is a “Base Case Scenario”

(referred to hereafter as base case): a set of conditions (e.g.,
different crudes, emission factors, process unit energy
intensities, allocation assumptions) to determine the refinery
energy use and GHG emissions of a crude in a “default”
refinery configuration. The purpose of the base case is to
explore plausible scenarios in which only energy use and GHG
emissions associated with the minimum processing capacity
needed to transform each crude into transportation fuels or
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other final products is taken into account. In PRELIM, the
default refinery configuration is set based on a set of three
broad refinery categories: hydroskimming refinery, medium
conversion refinery, and deep conversion refinery46 as
suggested by Marano.47 All 10 refinery configurations in
PRELIM fit into one of these three categories. The base case
assigns each crude (OS and conventional) to the appropriate
default refinery category, using API gravity and sulfur content
of the whole crude as the criteria. Default process energy
requirements are represented by literature values. A float case is
assumed where crude properties and the refinery configuration
determine the final product slate. When the alternative
functional units are explored, refinery emissions are allocated
to transportation fuels (i.e., gasoline, diesel, and jet fuel) on a
hydrogen content basis (based on discussion in 19) across the
scenarios. The SI details additional assumptions.

Four possible alternative refinery operating scenarios are
created from a screening of parameters through sensitivity
analysis and a collection of a range of plausible values for each
parameter. These scenarios explore the impact of different
refinery configurations available in PRELIM (crudes will not
always end up in the default refinery configuration); variations
in process energy requirements (greater efficiencies are possible
than currently represented by the default values used); and,
variations in fuel gas production calculations (a parameter that
greatly varies throughout the industry).
Results are presented for a total of 12 assays out of the 29

present in PRELIM’s assay inventory, selected to represent a
range of qualities of crude for each category of crude (Table 1).
For example, diluted bitumen is represented by “dilbit 2” and
“syndilbit 1”. These two assays are selected as they represent
the highest and lowest overall refinery GHG emissions
estimates respectively from the eight assays of diluted bitumen

Figure 1. Base case greenhouse gas (GHG) emissions estimates and gasoline and diesel production from refining 100 000 bbl of different crudes.
Major assumptions about base case: (1) Refining configuration is based on API and sulfur properties of the whole crude for both crude categories
Conventional and OS-derived crudes: API (light API > 32, medium 32 > API > 22, heavy API <22) and sulfur content (S) (sweet S < 0.5 wt %, sour
S > 0.5 wt %). Sweet light crudes (Sw, L) are run in a hydroskimming refinery; sour light (So, L), sweet medium (Sw, M), and sour medium (So, M)
crudes are run in a medium conversion refinery; and heavy crudes (H: conventional, bitumen, dilbits) are run in a full conversion refinery. (2)
Upgrading process units for the medium conversion refinery include a fluid catalytic cracking (FCC) process unit, and upgrading process units for
full/deep conversion refinery include FCC and delayed coking process units. (3) A float case is assumed where crude properties and the refinery
configuration (i.e., level of refining) determine the amount of gasoline and diesel produced. (4) Energy sources: hydrogen (H) via steam methane
reforming (SMR) of natural gas (NG); refinery fuel gas (FG) from the crude and refining process units (RP) offsets NG consumption. FG is
allocated through prioritizing the different NG requirements in the refinery (i.e., heat for processing, heat for steam, heat for SMR, and SMR
feedstock) based on its heating value until it is exhausted. Heating values: 46.50 MJ/kg RFG low heating value (LHV) on mass basis and 47.14 MJ/
kg NG LHV on mass basis.58 Byproducts such as H via naphtha catalytic reforming (NCR) and coke deposited on FCC catalyst offset energy
requirements as well. FCC regeneration must burn off the coke deposited on FCC catalyst to restore catalyst activity, which releases heat that
satisfies most of the heat requirements of the FCC. FCC regeneration coke burned to complete combustion (coke yield 5.5 wt % FCC feed35 and
coke carbon content 85 wt %).59 (5) Combustion GHG emissions factor is assumed the same for NG and FG combustion (56.6 g CO2eq/MJ). H
via NCR does not have any share of emissions due to allocation method employed. Electricity 100% coal-fired power (329 g CO2 eq/MJ).58 SI
shows GHG emissions attributed to gasoline and diesel on a per MJ of product basis (Figure S5).
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in the assay inventory. Publicly available assay data are used for
all OS assays with the exception of raw bitumen which is
currently not processed directly in a refinery so data are not
publicly available. The publicly available assays are streams or
blends of crudes of different qualities flowing through pipelines
in Canada. These streams were used to represent specific crude
categories (e.g., diluted bitumen, SCO) through consultation
with industry and academic experts to ensure that they
represent an accurate range of characteristics for each category
of OS-derived crudes. Conventional crudes are presented for
the purposes of comparison. Table 1 provides a summary of all
12 assays, current production volumes of each crude category,
source of data, and properties of the whole crude.

■ RESULTS

Base Case Results. Under the base case assumptions, total
refinery energy use ranges from 0.06 to 0.24 MJ/MJ of crude
(340−1400 MJ/bbl of crude). A detailed discussion of energy
use is presented in SI. As expected, energy use has a positive
linear relationship with the GHG emissions. The resulting
GHG emissions of processing crudes of different qualities can
vary widely, mainly due to differences in hydrogen require-
ments. Total refinery GHG emissions range from 4 to 18 g
CO2eq/MJ of crude being processed (23−110 kg CO2eq/bbl
of crude). For the 12 crudes considered in the base case, the
supply of hydrogen contributes from 0 to 44% of refinery

emissions, process heating contributes 26−71%, FCC catalyst
regeneration contributes 0−17%, steam contributes 2−7%, and
electricity contributes 10−21%. Up to 48% of the emissions
associated with hydrogen requirements result from the
chemical transformation of natural gas into hydrogen in the
SMR process unit. Zero emissions from hydrogen supply are
possible where hydrogen requirements are low enough to be
met by coproduction of hydrogen via naphtha catalytic
reforming. This form of hydrogen is considered to be a
byproduct and therefore a CO2eq emissions-free stream as the
base case assumes that emissions are allocated only to final
refinery products. Generally, the GHG emissions estimates
from each energy type are proportional to their contribution to
overall energy use with the exception of electricity, for which
emissions are determined by the emissions intensity of
electricity production (further discussion in SI).
Figure 1 shows that the amount of gasoline and diesel

produced from the same amount of input (i.e., 100 000 barrels
of crude) also varies with crude quality, but to different extents
(further details in SI).

Alternative Scenario Results. Figure 2 presents the base
case GHG emissions (also presented in Figure 1) for each
crude as well as variation from the base case due to changes in
assumptions regarding refinery configuration, process energy
requirements, energy use for production of hydrogen via SMR,
and refinery fuel gas production.

Figure 2. Scenario analysis overall refinery greenhouse gas (GHG) emissions. Scenarios: The base case represents the assumptions presented in
Figure 1. Alternate process energy requirements (PER) data in steam methane reforming (SMR) uses a 91% energy efficiency as MJ hydrogen
produced/MJ net energy use; energy use accounts for steam production inside SMR that is exported to other process units.26 Alternate PER in SMR
and in other process units simulate additional improvements on energy requirements in other refinery process units based on process energy use
confidential data (overall efficiency improvement of approximately 30%). Alternate fuel gas production calculation assesses increasing refinery fuel
gas production using an alternative calculation method to determine fuel gas production in hydrotreating process units. PRELIM uses a simple
method to determine the amount of refinery fuel gas. The alternative calculation is based on hydrogen requirement specific to each crude while
holding other base case assumptions constant that ends in high estimates in the amount of refinery fuel gas (average increase of 2.5% across all
process units); variations in emissions are mainly associated with the hydrogen content of the total amount of refinery fuel gas. Variation from Base
Case due to configuration defines range of GHG estimates associated with use of different refinery configurations while holding other base case
assumptions constant. The SI shows scenario analysis estimates of GHG emissions attributed to gasoline and diesel on a per MJ of product basis
(Figure S5).
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The magnitude of the impact on results from varying the
refinery configuration is crude-specific but in general this factor
has a greater impact than any other individual factor
considered. When the full range of refinery configurations are
run for each crude, the emissions can change as much as 12 g
CO2eq/MJ of crude (71 kg/bbl of Bitumen1) or up to 190%
(Conv,Sw,L2: conventional sweet light crude 2 as indicated in
Figure 2). Lighter and sweeter (lower in sulfur) crudes have
increased GHG emissions above the base case since the base
case assumes a simple hydroskimming configuration, and for
heavier crudes (OS and conventional) there are deep
conversion configurations in which the GHG emissions are
higher or lower than those estimated in the base case.
Therefore, the method used in the base case for assigning
crudes to a default or “ideal” level of conversion is incomplete if
the goal is to predict the full range of potential GHG emissions
associated with refining a particular crude (as a crude could be
processed in a variety of refineries with different config-
urations). Therefore, the specific refinery configuration and the
associated process units play an important role.
Process unit energy requirements, as well as refinery fuel gas

production, can vary significantly and collectively; this variation
can result in a wide range of emissions estimates, implying that
attention has to be placed on these assumptions and their
implications for policy. Improving energy use in hydrotreating,
FCC, naphtha catalytic reforming, delayed coking, and SMR
process units (represented by real refinery operating data with
higher levels of efficiency than the literature data used in the

base caseoverall efficiency improvement of approximately
30%) decrease GHG emissions by 34% (5 g CO2eq/MJ of
Bitumen1) to 43% (2 g CO2eq/MJ of SCO,Sw,L2). Increasing
the estimated production of refinery fuel gas (average increase
of 2.5% across all process units) can increase GHG emissions
by as little as 1% (0.02 g CO2eq/MJ of SCO,Sw,L1) or as much
as 10% (0.8 g CO2eq/MJ of Conv,So,M1; up to 1 g CO2eq/MJ
of Bitumen 1). The SI details results of other scenarios.
As a whole, Figure 2 illustrates that a wider range of GHG

emissions estimates is seen for OS products (2.5−26 g CO2eq/
MJ of crude) compared to conventional crudes (2.4−17 kg
CO2eq/MJ of crude). Generally, the highest estimates are for
bitumen (9.3−26 kg CO2eq/MJ of crude). This represents
potential cases such as dilbit being sent to a refinery and the
diluent being separated and returned to the OS operation.
GHG emissions from refining diluted bitumen range between
7.6 and 20 g CO2eq/MJ of crude. The SCOs represent one of
the highest and the lowest GHG emissions of all crudes
considered. The heavy SCO crude category can have GHG
emissions as high as 20 g CO2eq/MJ of crude. Light sweet SCO
can have GHG emissions as low as 2.5 g CO2eq/MJ of crude.
Light/heavy crude differentials may provide an incentive for the
production of light SCO; however, this differential can decrease
in a market with increasing supply of heavy oil and refineries
increasing their capabilities to manage that feedstock. The SI
discusses PRELIM’s SCO refinery GHG emissions estimates in
detail. It is important to note that the high and low ends of the
GHG emissions for OS crudes represent the cases of recycling

Figure 3. Comparison of GHGenius, JACOBS, TIAX, and PRELIM gasoline greenhouse gas (GHG) estimates. Base case estimates and variation
from the scenario analysis presented in Figure 1. Variation from base case can be compared with variation in TIAX estimates;17 TIAX study
accounted for alternative configurations and/or energy efficiencies (i.e., different U.S. production regions). If PRELIM uses the same configuration as
JACOBS22 while holding other assumptions to base case constants, PRELIM replicates similar linear regression as JACOBS results suggest.
GHGenius60 estimates are from default GHGenius v.3.19 assumptions while varying API gravity and sulfur of crude using PRELIM assay inventory
(polynomial regression built in GHGenius from crude slates of API > 25.4 and using Canadian industry forecast data). The GREET model emissions
estimates are not included in the figure as there is no variation presented due to crude quality (the default gasoline carbon intensity is estimated at
10.5 g CO2eq/MJ of gasoline). Gerdes model estimates25 and recent GHGenius estimates61 using a linear relationship approach (which are not
included in the figure) are also in the range of gasoline GHG emissions estimates resulting from the low end of the scenario analysis and TIAX as
illustrated by Brandt.49 These estimates are not included in the figure as they are either duplications of the same data or present very similar trends
and ranges.
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of diluent (bitumen as a feedstock) and upgrading the bitumen
prior to entering the refinery (high quality SCO) which have
upstream processing requirements quite different from conven-
tional crudes and will have different implications on a full LC
basis.48

Alternative Functional Units. Given recent regulations
such as the CA-LCFS, there has been increased interest in
representing LC emissions on a per product basis. This requires
allocation of total refinery emissions to each product. Assuming
GHG emissions are allocated only to transportation fuels (i.e.,
gasoline, diesel, and jet fuel) on a hydrogen content basis
(based on discussion in 19) across the scenarios, conventional
crudes’ gasoline GHG emissions estimates range from 6.2 to 22
g CO2eq/MJ of gasoline, and OS products’ GHG emissions
estimates range from 9.0 to 36 g CO2eq/MJ of gasoline. Diesel
GHG emissions estimates for conventional crudes and OS
products range from 2.3 to 26 g CO2eq/of MJ of diesel and 3.3
to 36 g CO2eq/MJ of diesel, respectively. Figure S5 illustrates
gasoline and diesel GHG emissions estimates for the scenario
analysis. The implications of different allocation methods are
explored in the SI.
Overall refinery GHG emissions (i.e., per bbl or MJ of crude)

will be greatly influenced by the refinery configuration
employed. However, for some crudes, when the emissions are
calculated on a per product basis (e.g., per MJ gasoline) the
impact of the configuration can play a lesser role as the
significant differences in emissions between configurations are
tempered by the differences in the amount of product produced
(Figure S5). For example, if light sweet SCO is processed in a
deep conversion refinery instead of a hydroskimming refinery, it
will undergo more intense processing and therefore result in
both higher overall emissions as well as a higher volume of
gasoline produced. This difference has implications in terms of
potentially providing an incentive for one action (e.g., sell SCO
to hydroskimming refinery) if the crude is being evaluated on
an overall crude basis (i.e., all products) and a second action if
it is evaluated on an individual product basis (e.g., sell SCO to
deep conversion refinery).
Comparison with Other Studies. In the absence of a

public-domain refinery modeling tool, the use of regression
models based on sulfur content and API gravity of the whole
crude is being generalized for the purposes of modeling crude
quality effects on refinery GHG emissions.49 Some studies
assume a linear relationship18,22,25 while others assume a
quadratic relationship15 for the regression model, and
consensus has not yet been reached. The results reported by
previous refinery models/studies are within the ranges
calculated by the PRELIM model (Figures S6−S7). Figure 3
demonstrates that the degree of correlation between the
gasoline GHG emissions estimates from refining and the whole
crude API gravity is affected by assumptions about config-
uration and process energy requirements. This is also true for
diesel (Figure S8). In addition, sulfur does not make a large
contribution to predicting GHG emissions. PRELIM can
replicate the results of previous studies when similar
assumptions are made. However, the figure shows that previous
studies do not provide the full range of emissions possible.

■ DISCUSSION
PRELIM goes beyond public LC-based modeling approaches
by adding the detail required to evaluate the impact of crude
quality and refinery configuration on energy use and GHG
emissions of refining while remaining a transparent spread-

sheet-based tool. The model is based on public data but is
validated by confidential operating data and expert review. This
approach allows for improved confidence in the model results
while providing the detail required for users to replicate the
results and make use of the framework. It provides more
detailed calculations (e.g., includes a hydrogen balance at a
process unit level) than current LC models but with less detail
(thereby increasing manageability/transparency) than propri-
etary refinery energy optimization models. PRELIM is capable
of replicating the findings from more complex models with an
overall margin deviation below 10% in almost all cases, which is
within the bounds of typical LC inventories.41−43 PRELIM
provides a data framework that can be integrated as a module in
Well-To-Wheel models and used by academia, industry, and
government to develop a consistent reporting structure for data
in support of GHG emissions modeling for policy purposes.
Further model development should include the establish-

ment of a statistical relationship between hydrogen content,
aromatic hydrocarbon content, and the emissions intensity of
processing a specific crude. The current assumption of
processing all crudes to the same intermediate product
specification may overestimate energy requirements for high
quality crudes in medium and deep conversion refineries. Also,
it is recommended that opportunities to improve the accuracy
of hydrogen requirement estimates be explored. The inclusion
of modeling crude input slates instead of individual crudes,
economic data, and other environmental impacts, as well as
tools for decision-making analysis such as Monte Carlo
simulation, will enhance model capabilities.
The PRELIM application presented in this paper demon-

strates that crude quality and the selected process units
employed (i.e., the refinery configuration), as well as the energy
efficiency of the process units, all play important roles in
determining the energy requirements and emissions of
processing a crude. The unique amount of hydrogen required
to process each crude is dictated by the quality of the crude
entering the refinery. It can be the major contributor to refinery
energy use and GHG emissions for every crude. Therefore, this
should be a key parameter used in estimating emissions.
Emissions associated with providing the hydrogen required
should also be the focus of emissions reductions at refineries.
This analysis provides insights that can help to inform

emissions reductions decisions at refineries. Based on this
analysis, the top three ways to reduce GHG emissions at
refineries processing heavier crude will be to (1) reduce the
amount of hydrogen consumed, (2) increase hydrogen
production efficiency (and/or lower GHG emissions intensity
of hydrogen production), and (3) capture CO2 from the most
concentrated, highest volume sources (i.e., FCC and SMR). All
of these alternatives involve several technologies that require
further study and can be included as new modules in future
versions of PRELIM. Moreover, the results suggest that there
may be a “preferred” configuration to process a specific crude.
Opportunities for reductions in GHG emissions such as
processing high quality crudes in low complexity refineries
(hydroskimming and medium conversion) instead of deep
conversion refineries could be investigated. However, these
opportunities will be limited by the decreasing number of low
complexity refineries in North America available to process
these types of crude feedstocks. This serves as a reminder that
the range of refinery emissions for OS products, as for other
crudes, is linked to refining industry investments made over the
next decade.
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This analysis substantiates the claim that more accurate
assessments of refinery emissions are required to better inform
LC-based policies and avoid potential unintended consequen-
ces. Putting the refinery emissions variations into context, the
variability in GHG emissions in the refining stage that results
from processing crudes of different qualities is as significant as
the magnitude expected in upstream operations (e.g., in this
paper, the variability is up to 14 g CO2eq/MJ of crude, or up to
11 g CO2eq/MJ of gasoline and 19 CO2eq/MJ of diesel
based on the full range of base case crudes). If crudes are run
through the same configuration, refinery performance (defined
by efficiency of energy use) introduces important variation. The
PRELIM application demonstrated up to 43% deviation in the
GHG emissions burden attributed to a crude solely by varying
the efficiency of the process units in one configuration. This
implies that impacts of crude quality and refinery configuration
should be modeled in the refining stage of LC analyses of
petroleum-based fuels. Also, climate policies based on LCA
should equally engage both parts of the supply chain (i.e., crude
production/processing/transport and refining stages) to
encourage the most cost-effective GHG emissions mitigation
pathways. Directives such as the current High Carbon Intensity
Crude Oil (HCICO) provision in the CA-LCFS that do not
explicitly include these differences in the definition and
principles/goals could lead to unintended consequences.50,51

The results also show that API gravity and sulfur content of
the whole crude are not sufficient to characterize the refinery
energy use and GHG emissions specific to a crude. The use of
these simple metrics within policies that are intended to
differentiate the LC emissions of different crudes can also lead
to unintended consequences. Energy efficiency of the process
units and refinery configuration play a large role in explaining
the variation in possible estimates. Ideally, the assay data like
those presented in PRELIM should be collected and used as it
improves accuracy beyond whole crude properties. However,
since these data tend to be highly proprietary, we recommend
that at minimum the crude distillation curve and the hydrogen
content of the crude fractions be accounted for. Future efforts
should focus on striking the balance between reporting the best
data in a transparent way and protecting sensitive information.
A starting point could be exploring the use of refining industry
data and methods such as the Nelson index and/or Solomon
energy efficiency index to simplify the characterization of
refinery configurations;52−55 however, an innovative approach
will also be needed to represent crude quality parameters.
The PRELIM application shown in this paper demonstrates

the strengths of detailed process modeling for understanding
and assessing petroleum refinery GHG emissions sources with
the ultimate goal of more informed decisions regarding the
increased use of heavy oil in North America.
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